The potential to use ultrashort amplified laser pulses ple, the microvasculature within a block of neocortex as a histological tool is buttressed by the use of similar was measured and reconstructed with micron resobut nonamplified pulses of laser light in the maturing lution.
of unamplified pulses to image tissue could be enviwith ultrashort pulses of infrared laser light to provide diffraction-limited volumetric data that is used to reconsioned to permit iterative ablation and imaging of a tissue preparation (Figure 1) . struct the architectonics of labeled cells or microvasculature. The surface layers of the tissue are stained, if A priori, it is unclear if the ablations performed with amplified ultrashort laser pulses will produce concurrent necessary, and then imaged using TPLSM (Figure 1 ). The region of the tissue that has been imaged is subsesecondary damage that would render the faced-off block of tissue unusable for imaging with TPLSM. For quently removed by laser ablation with amplified ultrashort laser pulses. The newly exposed surface is then example, a loss of image resolution could result from photo-induced damage to proteins in the tissue adjarestained, if necessary, then imaged, and then ablated. The sequence repeats serially until the desired volume cent to the ablated surface, sufficiently high levels of photo-induced autofluorescence in the adjacent tissue, of tissue has been analyzed. This leads to a digitized block of optical sections from the labeled tissue that or cavitation of the ablated surface to create craters that extend the full imaging depth of TPLSM. The present reveals features within the block of tissue (Figure 1) . The ability to maintain the physical location of a sample, and study addresses these issues and advances the development of an all-optical histology. We test if laser ablathe ability to use samples in the unfrozen state, suggests the utility of this path to automate histological analysis. tion methods preserve optical properties so that TPLSM may be used for imaging intrinsic and applied fluoresIn our realization, the tissue to be processed is positioned on an automated X-Y translation table that can cent probes, and if these images may be used to reconstruct three-dimensional architectonics in a region of be moved in a raster pattern across the focus of the amplified laser beam. To facilitate milling the smoothest the brain. possible cuts, we direct the laser typically through a water immersion objective with a numerical aperture Realization (NA) in the range from 0.2 to 0.7 NA. Objectives with a lower NA promote white-light generation, which will The all-optical histology technique makes use of successive iterations of imaging with TPLSM and ablation degrade the fidelity of the laser pulse (Ashcom et al., (C) Schematic of major optical components. The laser oscillator is Titanium:Sapphire with a pulse width of ‫021ف‬ fs that is used both as the source for the two-photon microscope and as a seed for a multipass optical amplifier. The pump lasers are a continuous wave (CW) solidstate laser for the oscillator and a pulsed solid-state laser for the amplifier. The beam diagnostics include a power meter, spectrometer, and autocorrelator. Only the major illumination optics for TPLSM, including the scanners, scan lens, tube lens, and objective lens, and the major detection optics for TPLSM, including the dichroic mirror, collector lens, and photomultiplier tube, are shown. The polarization optics and polarizing beam splitter cube serve to overlay the paths of the imaging and ablation beams. Lastly, laser timing circuitry for the amplifier as well as the computer control for the two-photon microscope and associated data acquisition are not shown. See Experimental Procedures for details.
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). The choice of the numerical aperture is further tagged with orthogonal polarizations and mixed with a polarizing beam splitter between the tube lens and based on considerations that tie the NA of the microscope objective to the ablated volume (see Appendix).
objective. The foci of these beams are aligned to coincide. We ablated at a fixed center wavelength () of Ϸ The beam is focused at the surface of the tissue or just deep to the surface (Figure 2A ). The tissue is mounted 800 nm while we imaged at wavelengths that selectively highlighted different features in the tissue. on a goniometer to allow leveling and alignment of the tissue surface relative to the optical axis that is defined by the objective. A motorized stage allows movement Results of the preparation to effect continuous tissue removal ( Figure 2B ). For the optimization studies described be-
Ablation Parameters
We use a succession of point ablations to remove chanlow, the tissue was typically ablated with a raster scan pattern to remove thin layers, typically 5 to 20 m, after nels and planes of brain tissue. There are three parameters that may be optimized for the ablation process. The which the objective was lowered relative to the sample and an additional layer was ablated.
first is the fluence. This is set by the energy per pulse and the choice of NA for the objective. The second is A single apparatus encompasses the ablation and TPLSM imaging optics ( Figure 2C ). Ablation is accomthe rate of scanning. This is set by the speed of the translation of the tissue and the repetition rate of the plished with amplified laser light that uses an amplifier of local design and seed pulses that are picked off from optical amplifier, which changes the number of pulses delivered to a voxel in the tissue. The third is the axial the imaging beam. The ablation and imaging beams are pears to be ideally suited for the all-optical histology Large channels, several hundred microns in width, were technique. We thus considered the large-scale ablation ablated into fixed neocortex from mouse using an axial and imaging of perfused and fixed mouse embryos as step size, i.e., z step, of 10 m and, as a conservative early in development as E15. The embryos were measure, relatively high fluence. The surface of the abmounted in agarose with the lateral surface of the head lated channel was stained with 5-hexadecanoylaminoexposed. Multiple ablation passes at increasing axial fluorescein, a lipid soluble dye. Subsequently, the tissue depth were performed until over 800 m of tissue depth was mechanically cut along a plane perpendicular to was removed ( Figure 4C ). Despite the fragility of unthe length of the ablated channel. A short strip along frozen embryonic brain tissue, the gross structure of the the ablated surface was imaged at a wavelength of ϭ brain and lateral ventricle appeared normal after large-800 nm and the variations in height were analyzed to scale laser tissue removal. quantify the roughness of the surface ( Figure 3E) . We estimated the root-mean-square (RMS) deviation of the Test of Photo-Damage ablated surface to be (n ϭ 40 sections; see Experimental Our strongest concern in the use of ultrashort laser Procedures): pulses for histology was the retention of normal tissue ␦z ultrashort pulses RMS ϭ 1.1 Ϯ 0.1 m (mean Ϯ SEM).
properties in the adjacent, unablated regions. We evaluated the collateral damage in the tissue immediately For comparison, similarly fixed neocortical tissue from adjacent to the ablation with four metrics: (1) preservamouse was equilibrated in 30% (w/v) sucrose, rapidly tion of physical integrity of the cell surface and cell frozen, and cut with a cryostat ( Figure 3F ). An analysis organelles as assessed by application of fluorescent of the surface roughness of a block face from which 10 probes; (2) preservation of antigenic response as asm sections had been cut yielded sessed by immunostaining adrenergic projection systems in the neocortex; (3) the induction of increased ␦z cryostat RMS ϭ 0.8 Ϯ 0.1 m.
autofluorescence in cortical tissue; and (4) the retention of fluorescence in tissue from transgenic animals that A final comparison was made with similarly fixed but unfrozen tissue blocks that were faced off with a Vibraexpressed fluorescent proteins.
To test for integrity of cell surface membranes, lasertome ( Figure 3G) . Here, the surface exhibited some Figures 5A-5C) . Under low magnification, we observed that there was no distortion of the brain amine neurotransmitters such as dopamine and noradrenaline. In the telencephalon, TH-containing fibers topology, despite the prominent size of lateral ventricles in embryos ( Figure 5A ). Examination at higher magnificaform scattered and diffuse plexi of thin axons (Cooper et al., 1996) . We examined the survival of TH immunoretion shows that a multitude of tissue types, including skin, bone, and brain, have been cleanly cut ( Figure 5B) . activity immediately adjacent to an ablated surface after a channel was cut with amplified ultrashort laser pulses High-resolution images of the ventricular zone in the lipid-stained material reveals chains of neurons whose whose fluence was well above threshold, as in Figure  4B . The brain was then equilibrated with sucrose to orientation and shape are consistent with those from preparations of embryonic mouse cortex that have been allow for sectioning on a freezing-sliding microtome in a plane that was oriented perpendicular to the ablated frozen or hardened in embedding media for conventional histological sectioning ( Figure 5C The application of acridine orange to laser-ablated tion product. At low magnification, the dense immunostaining persists without decrement near the ablation mouse cortex, imaged at ϭ 800 nm, was observed to stain nucleic acids in both cell cytoplasm and nucleus surface ( Figure 5G) . Furthermore, the TH fibers that course dorsal to the corpus callosum could be seen, at (Figures 5D-5F ). High-resolution images of the ventricular zone show examples of condensed chromosomes high magnification, to extend out into the edge of the laser-ablated brain tissue with tissue from rodents that and dividing cells with clear metaphase plates in evidence (asterisk in Figure 5F ). These features are consiswere either perfusion fixed ( Figure 5H ) or exsanguinated without fixation ( Figure 5I ). Note that the surface of the tent with the known cell division that takes place at the base of the ventricular zone in mammalian cortex during brain that was not laser ablated has a similar appearance to that of the laser-ablated cut surface ( Figure 5G ). This its neurogenesis (Takahashi et al., 1995) . These data demonstrate that all-optical histology is a tool to ablate post hoc analysis shows that antigenicity and therefore protein conformation, at least for the TH antigen, is reand image the embryonic brain with diffraction-limited spatial resolution, as collateral damage from the ablation tained in tissue after laser ablation. process does not markedly distort brain structure down to the level of chromosomes.
Endogenous Fluorescence and Wavelength Selection
We consider the possibility of laser-induced increase in autofluorescence, as this could limit the detection of Assay for Immunoreactivity Given the labile nature of protein, it was important to fluorescent labels from endogenous fluorophores in transgenic animals. Specifically, we used animals that test if optical histology is compatible with preservation Figure 8 ). The use of laser light to perform both physical sectioning and optical imaging constitutes decreased transmission of common objectives at long wavelengths, suggested the utility of an excitation wavea novel methodology that obviates the need to freeze or embed tissue and register cut sections, and thus is length of Ϸ 920 nm for YFP in our apparatus.
conducive to the complete automation of histology. Of particular importance, the ability to readily and reliably Iterative Volumetric Reconstruction We now turn, by means of two examples, to the core process embryonic tissue is critical for the study of genetic mutations that produce nonviable animals. issue of three-dimensional reconstructions of labeled tissue (Figure 1 ). In the first example, we performed The present work shares elements with two recent technologies in neuroanatomy. The first is the demonserial ablation and imaging of the fixed neocortex of transgenic mice in which infragranular projection neustration of successive cutting and imaging as a means to form atlases of the human brain (Rauschning, 1986; rons selectively expressed YFP (Feng et al., 2000) . Optical imaging and ablation was performed in the radial Toga et al., 1994). In this procedure, the entire head is frozen and a heavy blade is used to section through Tissue Fidelity We observed that cutting with microjoule laser pulses bone and soft tissue. The newly cut surface is imaged under reflected light; the contrast between different led to clean cuts of axons ( Figure 5H ). There was an overall root-mean-square surface roughness of approxibrain regions originates from differences in the distribution of cell sizes and myelination. While the resolution mately 1 m (Figure 3E ), which is close to that obtained with frozen tissue cut in a cryostat ( Figure 3F ). Further, is limited, i.e., typically 100 ϫ 100 ϫ 50 m 3 voxels are recorded, it exceeds that of magnetic resonance despite potential photo-bleaching and photo-damage by the high-intensity laser pulses, i.e., HCl in deionized water. This stain was also bath applied for 3 min V10, Coherent Inc., Santa Clara, CA) that provides the pulses used followed by 5 brief washes with PBS. for two-photon fluorescence imaging is also used to generate seed Imaging pulses that are amplified to higher energy for the ablation. A pulse Optical sectioning of all samples was performed with an upright picker, based on a pair of crossed polarizers with a Pockel's cell two-photon laser scanning microscope of local design (Tsai et al., between them, currently selects one out of every 76,000 pulses for 2002). We used a 40ϫ magnification, 0.80 NA water immersion obamplification to form a 1 kHz pulse train.
jective (Carl Zeiss, Inc., Thornwood, NY) to obtain all data, with the The amplifier is of local design and is based on the chirped-pulse exception of the high-magnification embryonic image ( Figure 5F ), technique (Backus et al., 1998; Strickland and Mourou, 1985) . Briefly, for which we used a 100ϫ magnification, 1.0 NA water immersion seed pulses are first stretched over time using a dispersive delay objective (Olympus America, Inc., Melville, NY). Software control of device based on a grating and telescope. This stretcher is of an allthe microscope and data acquisition utilized code that was written reflective design and increases the duration of the pulses from 120 in LabView (National Instruments, Austin, TX). An ablation apparafs to approximately 100 ps. These stretched pulses are then directed tus has been incorporated into the microscope, as shown schematito a three-mirror ring-shaped Ti:Sapphire multipass amplifier cally in Figure 2C . This scheme allows for the iterative processing (Backus et al., 1997, 2001 ). The amplifier crystal is pumped at 1 kHz of tissue while maintaining absolute tissue coordinates. For practical with 11 mJ, 532 nm pulses from a diode-pumped Nd:YAG laser reasons, samples used for the optimization studies (Figures 3-6 ) (Corona, Coherent, Inc.). The seed pulses pass through the pumped were placed in a kinematic mount and moved between ablation and region of the crystal eight times and extract energy in each pass.
imaging set-ups that were separated by 10 m. The pulses are then sent through a spatial filter and directed to a dual grating compressor where the dispersion added to the pulse Immunostaining in the stretcher, as well as the dispersion caused by propagation
In preparation for immunostaining, photo-ablated tissue was stored in fixative and then cryoprotected with 30% (w/v) sucrose in phosthrough the optics in the amplifier, is removed. The pulses that phate buffer. The tissue was sectioned on a freezing sliding micropixels set to zero. The fourth and final step was to apply a double median filter, using a 5 ϫ 5 square kernel of pixels, as a means to tome along a saggital plane that ran perpendicular to the optically cut surface. The sample thickness was 25 m. smooth edges, fill small voids, i.e., areas of low pixel value surrounded by larger areas of high pixel value, and remove isolated The tissue sections were incubated for 2 days at room temperature in primary antibody directed against tyrosine hydroxylase bright spots, i.e., small areas of nonzero values ( Figures 9E and 9F) . For volumetric realization, the processed image stack was rendered (1:1000 dilution) (AB151, Chemicon, Temecula, CA) in antibody diluent comprised of 5% (v/v) serum (S1000, Vector Laboratories, Burlwith the use of a ray-casting algorithm (XVOLUME, Interactive Display Language, Research Systems Inc., CO). ingame, CA), 1% (v/v) triton X-100 detergent (T-8787, Sigma), and 0.1% (w/v) sodium azide. After 5 washes in PBS, the sections were
The volume fraction associated with the reconstructed vasculature ( Figure 8E ) was estimated from the processed stack of sections transferred to biotinylated peroxidase-conjugated secondary antibody (1:1000 dilution) (BA-1000; Vector Laboratories) in antibody with the assumption that bright voxels are associated with blood vessel walls. We applied a threshold to each voxel to create a binary diluent for 2 hr. Sections were again washed and next transferred to an avidin-biotin solution (PK-6100; Vector Laboratories). The bound image that indicated the likely locations of the vessel walls. We then filled all voids, i.e., areas that are completely surrounded by vessel complex was visualized with diaminobenzodine (SK-4100; Vector Laboratories). The sections were mounted on gelatin-coated slides, walls. The resulting processed image indicates both vessel walls and interior, from which we compute the fraction of voxels that are dehydrated through graded alcohols into xylenes, and cover-slipped with DPX synthetic resin mounting media (36029F, Gallard-Schleassociated with blood vessels and blood. singer, Garden City Long Island).
